Objective-Endothelial lipase (EL) is a vascular phospholipase that hydrolyzes high-density lipoprotein (HDL) as its preferred substrate. Scavenger receptor-class B type I (SR-BI) is an HDL receptor that mediates the selective uptake of cholesteryl ester. This study investigates the role of EL and SR-BI in the regulation of HDL metabolism in gene knockout mouse models.
N umerous epidemiological studies have established a negative correlation between high-density lipoprotein (HDL) levels and atherosclerosis development. [1] [2] [3] HDL concentration is largely determined genetically. 4, 5 Multiple genes are directly involved in the HDL metabolic pathways, 5 although other genetic factors influencing HDL level exist that are poorly understood.
Endothelial lipase (EL) is a newly described member of the vascular lipase family, sharing sequence homology with lipoprotein lipase and hepatic lipase (HL). 6, 7 EL possesses predominantly phospholipase activity and uses HDL as its preferred substrate. 8 We recently showed that absence of EL in mice leads to delayed HDL clearance and elevated HDL levels, and that a common single-nucleotide polymorphism in the human EL gene (581 C/T) is associated with significantly higher HDL cholesterol levels. 9 Similar findings were also reported on EL-null mice created independently by Ishida et al. 10 Scavenger receptor-class B type I (SR-BI) is the major HDL receptor responsible for its selective uptake in liver and steroidogenic tissues. 11 Selective uptake, a process that involves the transfer of cholesteryl ester from the lipoprotein core into cells without internalization of the whole lipoprotein particle, accounts for up to 70% of the HDL delivery in the liver 12 and Ն90% of the cholesterol used for steroid hormone production in the adrenal gland in rodents. 13 Overexpression of SR-BI in mice by adenovirus-mediated gene transfer 14 or by a transgenic approach 15 led to a marked reduction of plasma HDL levels, whereas targeted disruption of SR-BI led to markedly increase plasma HDL cholesterol. 16 In this study, we used knockout mouse models to examine gene-gene interaction between EL and SR-BI, because both play dominant roles in HDL metabolism. We found that the effect of loss of EL on HDL composition and subclass size distribution was different from that of loss of SR-BI, although their individual effects on HDL level were additive. The 2 genes exert independent influence on HDL size, composition, and lecithin cholesteryl acyltransferase (LCAT) activity in vivo. Our findings have significant implications for the genetic regulation of the concentration and metabolism of HDL. breeding pairs. Genotypes of EL Ϫ/Ϫ was confirmed by polymerase chain reaction (PCR) using the wild-type allele-specific primers: EL142 (5Ј-AGCTTGAAGGGTGACTTGAG-3Ј) and EL18 (5Ј-CCTTCATGATTGTTCTTCAC-3Ј), and the targeted allele-specific primers: EL142 and Neo5 (5Ј-CTATCGCCTTCTTGACGAGT-3Ј). SR-BI genotyping was performed by PCR 16 using primers SR-1, 2, and 3. All PCR reactions were performed at annealing temperature of 58°C and 32 cycles.
Plasma Lipids, Lipoproteins, and Lipoprotein Particle Chemical Composition Analysis
Cholesterol, phospholipids, triglyceride, HDL cholesterol, total cholesterol, and free cholesterol concentrations were assayed using commercial kits (Wako Chemicals, Richmond, Ga). For fast protein liquid chromatography (FPLC) analysis, plasma pooled from 5 to 7 mice (200 L) after a 5-hour fast was loaded onto 2 Superose-6 columns connected in series (Amersham Pharmacia Biotech). Fractions (0.5 mL) were collected: fractions 4 to 9, very-low-density lipoprotein (VLDL); 16 to 22, intermediate-density lipoprotein (IDL)/low-density lipoprotein (LDL); 26 to 38, HDL.
Chylomicron/VLDL, density Ͻ1.006; IDL/LDL, 1.006Ͻdensi-tyϽ1.063; and HDL, 1.063ϽdensityϽ1.21 g/mL were isolated from pooled plasma by the standard sequential density gradient ultracentrifugation as described 17 using a TLA-110 Beckman rotor (Beckman Instruments). Samples were centrifuged at 100 000 rpm for 2.5 hours for chylomicrons/VLDL and IDL/LDL, and for 4 hours for HDL. Protein concentration was determined by the Bradford method (Bio-Rad).
Lipoprotein Nuclear Magnetic Resonance Analysis
Lipoprotein subclass profiles were measured on frozen plasma (100 L) by proton nuclear magnetic resonance (NMR) spectroscopy at LipoScience, Inc (Raleigh, NC) as previously described. 9 The designations of the NMR-derived HDL subclasses and their estimated diameter ranges are as follows: H1 (7.3 to 7.7 nm), H2 (7.8 to 8.4 nm), H3 (8.5 to 8.9 nm), H4 (9.0 to 10.0 nm), H5 (10.1 to 12.0 nm), H6 (12.1 to 13.5), and H7 (13.6 to 15.0). HDL subclass particle concentrations were expressed in particle numbers (nmol/L) as derived from raw NMR data. 9 Mean HDL particle size was determined by weighting the relative percentage of each subclass by its diameter.
Nondenaturing Polyacrylamide Gel Electrophoresis
Nondenaturing 4% to 30% polyacrylamide gradient gels were used to analyze the size distribution of HDL as described by Nichols et al 18 using HDL with 1.063ϽdensityϽ1.21 g/mL isolated by ultracentrifugation. After electrophoresis, gels were stained by Coomassie Brilliant Blue and scanned at 555 nm. The molecular diameter corresponding to the each peak of the band was calculated from the size standards.
Immunoblotting, Northern Blotting, and Semi-Quantitative Reverse-Transcription PCR Immunoblotting of SR-BI and phospholipid transfer protein (PLTP) was performed as described 16 using 40 g of total protein in lysis buffer containing 50 mmol/L Tris-HCl, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L PMSF, 1 g/mL aprotinin, leupeptin, pepstatin; 1 mmol/L Na 3 VO 4 , and 1 mM NaF. Proteins were transferred to nitrocellulose membrane after electrophoresis and immunoblots were developed by chemiluminescence detection (Supersignal, Pierce). Antibodies used were: goat anti-human apolipoprotein A-I, E antibodies, and mouse anti-actin monoclonal antibody (Chemicon), and rabbit anti-SR-BI and anti-PLTP polyclonal antibody (Novas Biologicals, Littleton, Co). Anti-SR-BI antibody recognizes the Ϸ82-Kd SR-BI protein, and the anti-human PLTP antibody cross-reacts with the mouse PLTP protein of Ϸ75 Kd. 19 Polyclonal anti-mouse LCAT antibody was a gift from Dr John Parks at Wake Forest University (WinstonSalem, NC). RNA was extracted by Trizol reagent (Invitrogen). For Northern blotting, 20 g of total hepatic RNA was separated on 0.2 mol/L formaldehyde 1.2% agarose gel, transferred to nylon membrane, and hybridized with gene-specific cDNA probes as indicated. Membranes were developed using a phospho-imager (Cyclone; PerkinElmer Life Sciences). Quantitation was performed by densitometry scanning using ␣-imager LabWorks image acquisition and analysis software (UVP Inc, Upland, Calif). For semi-quantitative reverse-transcription (RT)-PCR, PCR reaction was performed using the same amount of RT product with EL, SR-BI, and GAPDH, and monitored at PCR cycles from 24 to 36.
LCAT Activity Assay
Plasma LCAT activity against endogenous substrate was measured using lipoproteins in whole plasma (50 L) as substrate as described. 9, 20 [1␣, 2␣(n)-
3 H]-cholesterol (1.0 mCi/mL) was from Amersham Pharmacia Biotech (Buckinghamshire, England). Briefly, plasma was pre-incubated with 10 L of [1␣, 2␣(n)-
3 H]-cholesterol bovine serum albumin solution (5 Ci/mL) at 4°C for 4 hours before incubating at 37°C to start the reaction. Reaction was stopped by addition of 2 mL chloroform:methanol (2:1) after 30 minutes and the lower-phase chloroform was extracted. Thin-layer chromatography was then performed and the radiolabels quantified by scintillation counting (Beckman Instrument). Results were expressed as the percentage of cholesterol esterified.
Statistical Analysis
Values were expressed as meanϮSD. The differences between different genotypes were calculated by the 2-tailed Student t test. PϽ0.05 is considered statistically significant.
Results

Differential Effects of EL and SR-BI on Plasma Lipid Level and Lipoprotein Composition
Corroborating and extending previous reports, 9,10,16 we found that absence of EL or SR-BI led to a significant increase in plasma total cholesterol level. The effect of lack of SR-BI was greater than that resulting from a lack of EL, 242% versus 186%, respectively, compared with wild-type (Table) . In both cases, the elevated total cholesterol was associated with increased HDL cholesterol level, which accounts for Ͼ75% of the increase in cholesterol in EL Ϫ/Ϫ and Ͼ65% in SR-BI Ϫ/Ϫ samples. The effects of EL and SR-BI on cholesterol and HDL cholesterol were additive. Plasma total cholesterol level of the EL Ϫ/Ϫ /SR-BI Ϫ/Ϫ mice was 335% of wild-type controls and their HDL cholesterol level, 367% of wild-type, significantly higher than that in either EL Ϫ/Ϫ or SR-BI Ϫ/Ϫ groups. Thus, both EL and SR-BI exert major influence on plasma cholesterol level, primarily through their effect on HDL. In contrast, phospholipid level was significantly elevated in EL Ϫ/Ϫ mice but remained unchanged in SR-BI Ϫ/Ϫ , with the EL Ϫ/Ϫ /SR-BI Ϫ/Ϫ mice displaying a phospholipid level comparable to that of the EL Ϫ/Ϫ . These data suggest that only EL, not SR-BI, directly modulates phospholipid concentration in vivo.
Our analysis of cholesterol and phospholipid levels in FPLC fractions reflected the changes in plasma concentrations ( Figure 1A and 1C) . Compared with wild-type, cholesterol concentration in HDL fractions increased progressively in EL Ϫ/Ϫ , SR Ϫ/Ϫ , and EL Ϫ/Ϫ /SR Ϫ/Ϫ , although the phospholipid levels were elevated only in mice lacking EL. There was a minimally higher triglyceride level in these mice compare to the wild-type in the VLDL fraction ( Figure 1D ) in this experiment, which is not evident in other analyses. Free cholesterol level in both SR Ϫ/Ϫ and EL Ϫ/Ϫ /SR Ϫ/Ϫ mice was markedly higher than that in either wild-type or EL Ϫ/Ϫ mice ( Figure 1B) , suggesting an increased free cholesterol content of HDL particles in mice lacking SR-BI. A consistent finding was that whereas the HDL peak of EL Ϫ/Ϫ mice largely overlapped with that of the wild-type at 34 fraction, it shifted to 28 in both SR Ϫ/Ϫ and EL Ϫ/Ϫ /SR Ϫ/Ϫ , indicating the presence of much larger HDL particles. Thus, SR-BI exerts a much greater influence on HDL particle size than does EL. We analyzed lipid composition of the lipoproteins isolated by density gradient ultracentrifugation. There was no significant difference in the lipid composition of the VLDL and IDL/LDL fractions (data not shown), but it differed markedly in HDL species from the 4 genotypes. As shown in Figure 2A and 2B, there was a progressive decrease in the protein content of the HDL from wild-type to EL Ϫ/Ϫ and to SR-BI
with or without EL inactivation. Although the relative amount of total (free plus esterified) cholesterol remained fairly constant, the ratio of free to esterified cholesterol changed, being highest in SR-BI Ϫ/Ϫ mice with or without concomitant EL inactivation (Ϸ6-fold that of wild-type or EL Ϫ/Ϫ alone). The reduced level of esterified cholesterol and markedly higher free-to-esterified cholesterol ratio of these animals ( Figure 2A and 2B might have exhibited buoyant densities that moved to a lower density range. We therefore checked for the presence of apoA-I, the major HDL apolipoprotein, and apoE, known to be present in multiple lipoprotein species, in VLDL, LDL, and HDL fractions. As shown in Figure 2C , apoA-I was present only in the HDL of wild-type and EL Ϫ/Ϫ mice, whereas apoE was detected in all lipoprotein fractions. Interestingly, in SR-BI Ϫ/Ϫ and EL Ϫ/Ϫ /SR-BI Ϫ/Ϫ mice, we found apoA-I in both the HDL density and the LDL density fractions. The presence of apoA-I in the LDL density fraction of SR-BI Ϫ/Ϫ mice, whether they carried the EL Ϫ/Ϫ alleles, indicates that there was "spillover" of the large HDL species into the IDL/LDL density range during isolation by ultracentrifugation.
Additive Effects of EL and SR-BI on HDL Apolipoprotein Levels
Our results revealed that effects of EL and SR-BI on HDL concentration were additive. We next analyzed their effects on HDL-associated apolipoproteins (see http://www.atvb. 
Effects of EL and SR-BI on the Size Distribution of HDL as Determined by Nuclear Magnetic Resonance
NMR lipoprotein analysis provides sensitive measurement of lipoprotein particle size and concentration directly from unfractionated plasma. Figure 3A showed that there was a progressive increase in the mean diameter of HDL particles in the following order: wild-type, EL Ϫ/Ϫ , SR Ϫ/Ϫ , and EL Ϫ/Ϫ / SR Ϫ/Ϫ . Therefore, absence of SR-BI had a larger impact on HDL size than did absence of EL, corroborating our results from FPLC analysis (Figure 1) . Loss of either EL or SR-BI had little effect on VLDL or LDL particle size ( Figure 3A) . HDL subclass showed markedly skewed distribution toward the larger particles in EL Ϫ/Ϫ , SR Ϫ/Ϫ , and EL Ϫ/Ϫ /SR Ϫ/Ϫ mice (Figure 3B and 3C ; H1 is the smallest and H7 is the largest subclass). This was apparent whether we compared the absolute particle concentration ( Figure 3B ) or the relative (percent) distribution ( Figure 3C ) of individual HDL subclass. Interestingly, the effect of loss of EL on HDL particle concentration differs from that of loss of SR-BI ( Figure 3B ). The absence of EL significantly increased the absolute amount of HDL particles, whereas the loss of SR-BI greatly reduced HDL particle concentration, which occurred as a result of a marked reduction in small and medium particles (H1 to H4). These data indicate that the significant increase in the large particles (H5 to H7), which individually contained substantially more cholesterol, more than compensated for the reduction in HDL cholesterol that occurred as a result of the loss of the small/medium particles. Additionally, the effect of SR-BI on HDL particle concentration seemed to override the effect of EL in the EL Ϫ/Ϫ /SR Ϫ/Ϫ mice. These results provide direct evidence that EL and SB-BI are major determinants of HDL particle size and concentration.
We used nondenaturing gradient gel electrophoresis to corroborate our findings on HDL particle size. Results in Figure 3D indicate that rate of migration of HDL particles from EL Ϫ/Ϫ to SR Ϫ/Ϫ to EL Ϫ/Ϫ /SR Ϫ/Ϫ mice was significantly slower than that of wild-type animals, indicating larger lipoprotein particle sizes. Densitometry analysis of HDL sizes ( Figure 3E ) yielded information in agreement with results from NMR analysis, although there was a slight variation in the absolute value of mean HDL size, which might be caused by differences in the lipoprotein preparation.
Expression Level of SR-BI in EL-Deficient Mice
We investigated whether there might be feedback and/or compensatory changes in the level of expression of one gene when the other one is absent. By RT-PCR, we found that EL mRNA in the liver was present at a comparable level in 
SR-BI
Ϫ/Ϫ as in wild-type mice. In contrast, EL mRNA level was increased in the adrenal gland of SR-BI Ϫ/Ϫ mice, whereas hepatic and adrenal SR-BI mRNA, as well as protein in EL Ϫ/Ϫ mice, was not different from that of wild-type animals (data not shown, available on request).
Effects of EL and SR-BI on Hepatic Lipase, Phospholipid Transfer Protein, and LCAT
HL, phospholipid transfer protein (PLTP), and LCAT are the other major factors involved in regulation of HDL metabolism. Hepatic HL mRNA was upregulated in EL Ϫ/Ϫ and downregulated in SR-BI Ϫ/Ϫ and EL Ϫ/Ϫ /SR-BI Ϫ/Ϫ ( Figure 4A ) mice, whereas hepatic PLTP protein level remained the same in the 4 groups ( Figure 4B ). Although both hepatic LCAT mRNA ( Figure 4A ) and plasma protein levels ( Figure 4C ) were increased in EL Ϫ/Ϫ mice, the LCAT endogenous esterification rate in these mice was significantly impaired (Ϸ60%). LCAT protein level was not significantly changed in SR-BI Ϫ/Ϫ or EL Ϫ/Ϫ /SR-BI Ϫ/Ϫ mice, despite a reduced mRNA level in EL Ϫ/Ϫ /SR-BI Ϫ/Ϫ mice. Of note is the fact that in both genotypes, the LCAT endogenous esterification rate was markedly reduced (to Ͻ10%) in the face of an unchanged LCAT protein level ( Figure 4D ).
Discussion
HDL is an atheroprotective lipoprotein whose metabolism is regulated by multiple factors, including vascular lipolytic enzymes, lipid transfer proteins, cell surface receptors, and transporters. 5, [21] [22] [23] Variations in HDL level in populations are, however, largely determined genetically. Both EL and SR-BI are major determinants of HDL levels, as revealed by transgenic and gene-targeted mouse experiments. 9, 10, 14, 16 In this study, we examined the interactions between the 2 genes with respect to their roles in HDL metabolism in vivo. In our study of mice with combinations of EL and SR-BI genotypes, we showed for the first time to our knowledge that EL and SR-BI have distinct and additive effects on HDL concentration, composition, and structure.
The major difference in lipoprotein modification resulting from the action of EL and SR-BI on HDL is on phospholipids. Consistent with the phospholipase function of EL, which mediates the hydrolysis and remodeling of circulating HDL, 9,10 EL Ϫ/Ϫ mice exhibit an increase in plasma phospholipid level. Similarly increased cholesterol level in EL Ϫ/Ϫ mice is a result of a selective increase in the concentration of HDL particles, especially that of the larger particles ( Figure  3B and 3C). HDL particles of EL Ϫ/Ϫ mice are larger than those of wild-type mice, but significantly smaller than those in SR-BI Ϫ/Ϫ mice. In contrast, the primary effect of absence of SR-BI on HDL is the markedly larger particle size, with concomitant change in cholesteryl ester content caused by reduced LCAT activity. Thus, despite a concomitant reduction in HDL particle concentration, the HDL cholesterol level in SR-BI Ϫ/Ϫ mice is increased even higher than that of EL Ϫ/Ϫ mice. EL is unique among the vascular lipases in that it is the only lipase synthesized by endothelial cells, whereas both lipoprotein lipase and HL are synthesized by other cell types before they are transported and attached to the surface of the vascular endothelium. 24 EL not only shares significant sequence homology with HL (41%) but also has overlapping phospholipase activity. Compared to HL, whose expression is restricted to liver, adrenal, and ovary, EL is also present in lung and placenta. Whereas EL is a specific phospholipase for HDL, HL has both phospholipase and triglyceride lipase activity, and its substrate preference appears to be much broader and includes IDL and chylomicron remnants in addition to HDL. 8 Recently, it was reported that EL, like HL, also has lipolysis-independent ligand-bridging function to facilitate HDL uptake. 25 Because of the overlapping substrate and lipase activity, the upregulation of HL in the EL Ϫ/Ϫ mice is likely a result of a compensatory mechanism, although the reason for its decreased expression in SR-BI Ϫ/Ϫ and EL Ϫ/Ϫ /SR-BI Ϫ/Ϫ is unclear. We and others showed that EL is a major modulator of HDL metabolism, 9,10 and others found that SR-BI is the major HDL receptor responsible for the selective uptake in liver and steroidogenic tissues. 16 The lack of effect of absence of EL on SR-BI expression in the liver and vice versa indicate that the 2 genes do not directly feed-back on each other, and they participate in independent pathways of HDL metabolism. Their additive HDL-raising effect further supports this conclusion. The presence of EL transcripts in the adrenal gland, the major steroidogenic tissue in rodents, suggests a potential role of EL in steroidogenesis 6 related to either its phospholipase activity or a catalysis-independent ligand function, as was recently reported. 25 Therefore, despite their independent actions, the 2 genes clearly interact functionally because HDL is their common target. During the process of reverse cholesterol transport, 26 HDL particles go through a series of modifications by lipases and lipid transfer proteins. Two major neutral lipid transfer proteins are involved in the HDL remodeling process, cholesteryl ester transfer protein and PLTP. Mice lack cholesteryl ester transfer protein that transfers cholesteryl ester between HDL particle and VLDL, a key mechanism for the delivery of cholesterol to the liver through the VLDL-LDL pathway in humans. 27 So, the lipoprotein alterations observed in mice may not extrapolate directly to those in humans. The major lipid transfer protein between VLDL and HDL in mice is PLTP. PLTP facilitates phospholipids transfer from VLDL particles to HDL, as well as between large and small HDL particles. 23, 28 It has been shown that PLTP activity is correlated with serum triglyceride level in humans, 19 and the remodeling of HDL is enhanced by an increased triglyceride content. 28 In the knockout mouse models we studied, the PLTP protein mass and triglyceride level in plasma are similar among the 4 genotypes, suggesting that differences in PLTP activity is not likely to account for the changes in HDL level and composition.
Cholesterol esterification by LCAT in the nascent HDL particle is an important step in the reverse cholesterol transport pathway. 26 Small HDL particles, such as HDL 3 in human plasma, are optimal substrates for LCAT. 20 We previously showed that LCAT activity against the endogenous lipoprotein substrate was reduced in EL Ϫ/Ϫ mice. 9 The markedly altered HDL size and composition associated with absence of SR-BI resulted in Ͼ90% inhibition of LCAT activity ( Figure 4D ). These data indicate that the changes in size and composition of HDL in the absence of EL or SR-BI have a profound effect on LCAT activity. Thus, loss of EL or SR-BI could interfere with reverse cholesterol transport through alteration in HDL structure and function and/or indirectly through inhibition of LCAT activity.
In summary, we found that EL and SR-BI directly affect HDL concentration and composition in vivo. The absence of either gene product individually elevates plasma HDL concentration, and when both are absent, the effects are additive. However, the effect of absence of EL on HDL composition and structure is distinct from that of lack of SR-BI. We conclude that EL and SR-BI are major determinants of HDL, and they exert their influence via distinct and independent actions on HDL metabolism.
